Repetitive elements represent a large portion of the human genome and contain much of the CpG methylation found in normal human postnatal somatic tissues. Loss of DNA methylation in these sequences might account for most of the global hypomethylation that characterizes a large percentage of human cancers that have been studied. There is widespread interest in correlating the genomic 5-methylcytosine content with clinical outcome, dietary history, lifestyle, etc. However, a high-throughput, accurate and easily accessible technique that can be applied even to paraffin-embedded tissue DNA is not yet available. Here, we report the development of quantitative MethyLight assays to determine the levels of methylated and unmethylated repeats, namely, Alu and LINE-1 sequences and the centromeric satellite alpha (Sata) and juxtacentromeric satellite 2 (Sat2) DNA sequences. Methylation levels of Alu, Sat2 and LINE-1 repeats were significantly associated with global DNA methylation, as measured by high performance liquid chromatography, and the combined measurements of Alu and Sat2 methylation were highly correlative with global DNA methylation measurements. These MethyLight assays rely only on real-time PCR and provide surrogate markers for global DNA methylation analysis. We also describe a novel design strategy for the development of methylation-independent MethyLight control reactions based on Alu sequences depleted of CpG dinucleotides by evolutionary deamination on one strand. We show that one such Alu-based reaction provides a greatly improved detection of DNA for normalization in MethyLight applications and is less susceptible to normalization errors caused by cancer-associated aneuploidy and copy number changes.
INTRODUCTION
DNA methylation in mammalian cells is required for normal embryonic development, X-chromosome inactivation and genomic imprinting, and involves the addition of a methyl group to the C-5 position of cytosine, predominantly in a 5 0 -CpG-3 0 sequence context [reviewed in (1) ]. This is accomplished by the activities of one or more DNA methyltransferases (DNMTs), which use S-adenosylmethionine (AdoMet) as a cofactor. CpG dinucleotides are underrepresented in the human genome by a factor of about 5, due to the spontaneous deamination of 5-methylcytosine residues, resulting in C-to-T transition mutations at CpG dinucleotides (2) . However, there are regions of the genome termed CpG islands that have retained their expected CpG content (3, 4) . Most CpG islands overlap the 5 0 end of gene regions, including promoters, and are typically unmethylated in normal somatic tissues (4, 5) . However, only 40% of promoter regions are associated with CpG islands (4, 5) . The unique and repeated sequences in the remainder of the genome are often highly methylated at their CpG sites in somatic tissues (6) .
CpG dinucleotides are often aberrantly methylated in human cancers to give regional hypermethylation at some CpG islands despite an overall reduction in 5-methylcytosine in the DNA (global DNA hypomethylation) (7) (8) (9) . The frequent hypomethylation of repetitive elements in diverse human cancers is thought to largely account for the global hypomethylation commonly seen in human cancers (6) .
Repetitive elements comprise $45% of the human genome (10, 11) and consist of interspersed repeats derived from non-autonomous or autonomous transposable elements (12- The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org 14) and tandem repeats of simple sequences (satellite DNA) or complex sequences. The most plentiful short interspersed nucleotide element (SINE) in human DNA is the Alu repeat, an $282 bp non-LTR (Long Terminal Repeat) DNA sequence, which comprises 10% of the human genome and is present in $1 million copies per haploid genome (12) . Other abundant non-LTR sequences are long interspersed nucleotide elements (LINEs) of up to 6 kb that comprise $20% of the human genome [reviewed in (6, 13) ]. LINE-1 elements are present at over 500 000 copies in the human genome; however, only 3000-4000 are full length and 30-100 are active retrotransposons (6, 13) .
LINE-1 elements are usually methylated in somatic tissues, and LINE-1 hypomethylation is a common characteristic of human cancers (15) (16) (17) (18) . Moreover, Alu sequences are also normally methylated in somatic tissues (19) (20) (21) and are thought to become hypomethylated in human cancer cells. However, not all Alus are hypomethylated in human cancers. Alu sequences located upstream of the CDKN2A promoter were found to be hypermethylated in cancer cell lines (22) , and an Alu sequence located in intron 6 of TP53 showed extensive methylation in normal and cancer cells (22, 23) .
While LINEs and SINEs are interspersed throughout the genome, satellite DNA is largely confined to the centromeres or centromere-adjacent (juxtacentromeric) heterochromatin and to the large region of heterochromatin on the long arm of the Y chromosome. Satellite a (Sata) repeats are composed of 170 bp DNA sequences and represent the main DNA component of every human centromere (24) . Satellite 2 (Sat2) DNA sequences are found predominantly in juxtacentromeric heterochromatin of certain human chromosomes and are most abundant in the long juxtacentromeric heterochromatin region of chromosome (Chr) 1. Sat2 sequences are composed of variants of two tandem repeats of ATTCCATTCG followed by one or two copies of ATG (25) . Both Chr1 Sata and Chr1 Sat2 sequences, as well as Sata repeats present throughout all the centromeres, are highly methylated in normal postnatal tissues, hypomethylated in sperm and often hypomethylated in various cancers (26) (27) (28) (29) . In addition, Sat2 sequences on Chr1 and Chr16 are also hypomethylated in the ICF (immunodeficiency, centromeric region instability and facial abnormalities) syndrome, which usually involves mutations in DNMT3B (30, 31) .
Previous studies describing repetitive element DNA methylation have been mostly based on Southern blot analyses, which require large amounts of high-molecular-weight genomic DNA (7, 27, 29, 32, 33) . Accurate global genomic 5-methylcytosine content is often determined by high performance liquid chromatography (HPLC) (7, 27, 29, 32, 33) , which, although highly quantitative and reproducible, also requires large amounts of high-quality genomic DNA and is not suitable for high-throughput analyses. In a recent report, Alu and LINE-1 methylation levels were obtained by COBRA [COmbined Bisulfite Restriction Analysis, first described in (34) ] and pyrosequencing of bisulfite-converted DNA (18) . Although these quantitative methods represent major advancements in determining repetitive element DNA methylation levels, both require post-PCR manipulation, are laborintensive and, therefore, may not be suitable for high-throughput analyses.
In this study, we advanced MethyLight assay technology, a quantitative, TaqMan-based real-time PCR system to analyze DNA methylation profiles (35) , by extending it to the analysis of highly repeated DNA sequences. We designed and applied MethyLight assays to examine the methylation levels of Alu, LINE-1, and Chr1 centromeric Sata and juxtacentromeric Sat2 repeat sequences. We evaluated repetitive element MethyLight measurements on a panel of normal and tumor DNA samples for which accurate HPLC-based global DNA methylation measurements were available. These data suggest that methylation of either interspersed or tandem repeats can be used as a surrogate marker for estimating global DNA methylation levels. The combination (mean) of Alu and Sat2 repeat methylation measurements yielded a particularly close correlation with global genomic 5-methylcytosine content measurements obtained by HPLC.
Additionally, we exploited the high Alu copy number to design an Alu-based MethyLight control reaction to sensitively determine input DNA levels for normalization in MethyLight assays.
MATERIALS AND METHODS

Design of the Alu-based MethyLight control reaction
The Alu-based control reaction was designed in silico based on a deaminated Alu consensus DNA sequence, in which we assumed that all CpGs on one strand underwent evolutionary deamination. The strategy is indicated with deamination of the top strand in Figure 2 for simplicity; however, either the top or the bottom strands can be chosen. In designing the control reaction, we deaminated the CpGs on the bottom (opposite) strand of the consensus sequence to TpGs in silico, and as a result, CpG dinucleotides on the top strand of the consensus sequence became CpA dinucleotides. These CpA dinucleotides are converted to TpA dinucleotides upon bisulfite conversion and PCR, thereby generating a methylationindependent unique sequence. Using this deaminated and bisulfite-converted DNA sequence, we selected the PCR primer and probe sequences.
Bisulfite conversion and DNA recovery DNA, in an 18 ml volume, was denatured at 100 C for 10 min, then centrifuged briefly, and chilled on ice. NaOH was added to a final concentration of 0.3 M in a 20 ml volume, and the sample was incubated at 42 C for 20 min. Sodium bisulfite solutions were prepared on the day of use by adding 1.9 g sodium metabisulfite (Sigma) to 3.2 ml of 0.44 M NaOH and heating at 50 C to dissolve the bisulfite. After addition of hydroquinone (0.5 ml of a 1 M solution), 120 ml of this solution was mixed with each DNA sample. The reaction was allowed to proceed at 50 C for 16 h in the dark. Following bisulfite conversion, the DNA was recovered using the Qiagen Viral RNA Mini Kit (Qiagen) according to the manufacturer's specifications with the following changes: after loading the column with the supplied lysis buffer and 100% EtOH, the filtrate was re-loaded to increase DNA recovery. After washing with two supplied wash buffers, the DNA was eluted in 80 ml (2 · 40 ml elutions). To desulfonate the sample, 50 ml of 0.2 M NaOH was then added for 15 min, followed by neutralization with 10 ml of 1 M HCl. The supplied lysis buffer and EtOH was added to the desulfonated sample, and the bisulfite-converted DNA was then purified a second time. The eluted DNA sample was stored at À20 C.
M.SssI methylation assay
Peripheral blood leukocyte (PBL) DNA (Promega) was used as a substrate for M.SssI treatment. PBL DNA (0.05 mg/ml) was incubated with M.SssI at a concentration of 1 U/mg DNA (0.05 U/ml) and 0.16 mM AdoMet overnight at 37 C. Then extra AdoMet (to 0.20 mM) and M.SssI (to 0.065 U/ml) were added followed by a second overnight incubation at 37 C. The sample was stored at 4 C, and 18 ml (0.9 mg DNA) aliquots were used for bisulfite conversion and recovery as described above.
Whole-genome amplification (WGA)
To generate unmethylated human DNA as control samples for testing the MethyLight reactions, sperm and PBL DNAs (10 ng each) were amplified using a WGA kit (Molecular Staging) as described by the manufacturer. The DNA was then recovered by phenol-chloroform extraction and ethanolprecipitation, dissolved in water and stored at À20
C. An aliquot (1-2 mg) was then treated with bisulfite and recovered as described above.
MethyLight reactions
The PCR primers and probes are listed in Table 1 
Methylation calculations
The MethyLight data specific for methylated repetitive elements were expressed as percent of methylated reference (PMR) values and were calculated similarly to a recent report (36) , but with the following changes. DNA treated with M.SssI served as a methylated reference, and the Alu-based control reaction (ALU-C4 in Table 1 ) was used as a control reaction to This MethyLight reaction was designed toward an Alu sequence in the S100A2 gene.
measure the levels of input DNA to normalize the signal for each methylation reaction. The levels of unmethylated repetitive elements were expressed as percent of unmethylated reference (PUR) values and were calculated similarly to PMR values except that bisulfite-converted, unmethylated human DNA obtained by WGA, as described above, was used as an unmethylated reference for PUR determinations of each repetitive element.
In analyzing the panel of DNAs described in Figure 4 , each MethyLight reaction was performed 3-6 times, except for ALU-M3, which was only analyzed in duplicate. The PMR or PUR values represent the mean values, and the error bars represent standard error of the mean. Standard error of the mean values were not included for the ALU-M3 reaction because we obtained only two PMR measurements for this reaction. In correlating MethyLight measurements to HPLCbased global 5-methylcytosine levels ( Figure 5 ), each MethyLight reaction was performed in triplicate, and the data shown are the mean PMR or PUR values of the three measurements. The data were plotted as PMR or PUR mean values for each repetitive element versus HPLC-based global 5-methylcytosine measurements for each sample. The composite methylation measurements of Alu and Sat2 ( Figure 5H ) were determined by obtaining the mean between the triplicate ALU-M2 and SAT2-M1 PMR values, and then plotting the composite mean PMR value versus the HPLC-based global 5-methylcytosine measurement for each sample. Linear regression analyses were performed using GraphPad InStat version 3.0a for Macintosh (GraphPad Software, San Diego, CA).
HPLC measurements of global genomic 5-methylcytosine content
The overall DNA 5-methylcytosine content was determined by HPLC on heat-denatured DNA digested to nucleosides. The global 5-methylcytosine content for each sample is listed in Table 2 and represents the mean value of 2-3 measurements (29) . The average replicate percentage standard deviation for replicates was 2% (37) . Linear regression was used to determine a correlation between MethyLight-based PMR values and HPLC-based global methylation measurements for each repetitive element. Global 5-methylcytosine content in humans has been shown to be tissue-specific with a range of 3.43-4.26% of cytosine residues methylated in normal tissues (32, 37) . DNA samples were classified as hypomethylated if the global methylation was between 3.20 and 3.40% and substantially hypomethylated if the amount of global methylation was <3.20%. These designations were only included as an indication of global 5-methylcytosine content in various tissues and in cancer cells.
Southern blot-based method of determining Chr1 Sat2 hypomethylation
Chr1 Sat2 hypomethylation was determined by Southern blot analysis, comparison of band patterns in autoradiograms and quantitation of Phosphorimager results as described previously (33) . The MethyLight PMR values were compared with the hypomethylation scores for each sample using ANOVA.
RESULTS
Development of an Alu-based, methylation-independent MethyLight control reaction
MethyLight is a quantitative, TaqMan-based, real-time PCR assay to measure DNA methylation profiles, using bisulfiteconverted DNA as a substrate (35, 38) . MethyLight is compatible with DNA samples derived from fresh tissue, cell lines, as well as formalin-fixed, paraffin-embedded tissues or bodily fluids such as plasma or serum, where the amount of DNA available is usually limiting. Each MethyLight-based methylation data point, expressed as a PMR value [first described in (39, 40) ], involves the use of a CpG-independent, bisulfitespecific control reaction to measure input DNA levels. The control reaction should be highly sensitive to accurately measure small amounts of DNA and should not detectably vary in its ability to be amplified from different human DNA samples, including cancer tissues.
Control reactions amplifying the low-or single-copy genes MYOD1, ACTB and COL2A1 have been routinely used in previous reports as a measure of input bisulfite-treated DNA levels (33, 35, 36, 38) . However, these single-copy genes may not always be reliable in human cancers, where chromosomal deletions, duplications and gene amplifications are frequent events. We therefore designed an Alu-based MethyLight control reaction to evaluate input DNA levels that would be both more sensitive in analyzing low amounts of input DNA, and at the same time would be less subject to local cancer-associated genetic alterations, compared with the single-copy control genes that we have traditionally used. The high copy number Alu repeats are highly heterogeneous due to the depletion of CpG dinucleotides by spontaneous evolutionary deamination, in which C-to-T transition mutations are generated. In order to develop a methylation-independent, Alu-based control reaction, we first generated an Alu consensus sequence based on a panel of young and old individual Alu repeats subfamilies in which we identified all CpG dinucleotides as well as those that became evolutionarily deaminated to TpG (or CpA on the strand opposite of an evolutionary deamination event) in older Alu sequences (Figure 1 ). However, we could not identify a subregion in the consensus sequence that was devoid of CpGs. We therefore took advantage of the evolutionary deamination process to design a control reaction toward Alu sequences in which all cytosines in a CpG context have been deaminated on one of the two DNA strands. These deaminated Alu sequences should be CpG methylation independent. We reasoned that such strand-specifically deaminated Alu sequences should exist in the genome by chance, even though they were not present among the selected Alu sequences listed in Figure 1 .
The design of this control reaction is complicated because MethyLight reactions are specific for bisulfite-converted DNA. After bisulfite conversion, the two DNA strands are noncomplimentary (Figure 2) , and the PCR primers are designed toward either the top or the bottom DNA strands. Methylated CpGs are refractory to bisulfite and remain as CpG on both DNA strands, whereas an unmethylated CpG dinucleotide is deaminated to a TpG after bisulfite conversion. However, Figure 1 . An Alu consensus DNA sequence determined from the sequences of young and old individual Alu repeats. Old Alu sequences (Alu-J, SluSp, AluSx, AluSq and AluSc) and young Alu sequences (AluY, AluSb2, AluYb8, AluYa5 and AluYa8) were compared in order to generate an Alu consensus sequence for the purpose of designing an Alu-based MethyLight control reaction. Since the goal was to design a methylation-independent reaction of as many individual Alu repeats as possible, all CpG dinucleotides became a part of the consensus sequence. Old Alu sequences are the predominant form in human cells, and this is also reflected in the Alu consensus sequence. The continuous and dashed lines underneath the consensus sequence panels indicate the MethyLight PCR amplicon locations within the consensus sequence for the Alu control reaction (ALU-C4), two reactions toward the methylated consensus sequence (ALU-M2 and ALU-M3) and one reaction toward the unmethylated Alu consensus sequence (ALU-U3).
a TpG dinucleotide also results from the evolutionary deamination of a methylated CpG. Sequences deaminated during evolution can be distinguished from those resulting from bisulfite conversion if the bisulfite-PCR primers are specific for the DNA strand opposite to the evolutionarily deaminated DNA strand (Figure 2 , Methylation-Independent Sequence). This CpA containing strand will be converted to a distinct TpA sequence after bisulfite conversion.
Using this strategy, we simulated evolutionary deamination of the Alu consensus sequence in silico by first replacing every CpG dinucleotide with a CpA dinucleotide (representing the evolutionary deamination of the opposite strand of the consensus sequence), and then selecting primers and a probe for the MethyLight control reaction specific for the bisulfiteconverted form of this DNA sequence. The locations of the PCR amplicon and the primer/probe sequences are shown in Table 1 , and the location of the PCR amplicon within the Alu consensus sequence is shown in Figure 1 . To satisfy the PCR melting temperature requirements for the Alu control reaction, the probe contains a minor groove binding nonfluorescent quencher (MGBNFQ). The use of MGB probes in real-time PCR-based, DNA methylation analyses was also recently reported for the purpose of improving PCR specificity (42) .
To assess whether the Alu-based MethyLight control reaction could detect a high number of evolutionarily deaminated Alu repeats, we compared the threshold cycle [C(t) value] of this reaction to the the C(t) value of the single-copy COL2A1 control reaction using real-time PCR on 1:25 serial dilutions of bisulfite-converted, M.SssI-treated DNA (Figure 3) . The Alu reaction fluorescence was detected $15 cycles earlier than the COL2A1 reaction on undiluted, bisulfite-converted M.SssI-DNA. The Alu reaction, after a 1:15 000 dilution, still could detect an appreciable amount of input DNA compared with the COL2A1 reaction, which at the same dilution failed to amplify M.SssI-DNA (Figure 3) . To address the variability of the Alu control reaction, we compared the cycle threshold [C(t)] values of the Alu and COL2A1 control reactions on M.SssI-treated PBL and HCT116 colon cancer cell line DNAs. The mean C(t) values for Alu and COL2A1 reactions on M.SssI DNA were 15.14 ± 0.21 and 29.71 ± 0.25, respectively, and the mean C(t) values on HCT116 DNA were 15.57 ± 0.04 and 30.86 ± 0.25, respectively, These data demonstrate not only the reproducibility of the Alu control reaction but also its high sensitivity. The greatly increased sensitivity for detecting input DNA in the methylation-independent reaction is especially useful when analyzing samples with limited amounts of DNA. However, this Alu-based control reaction does not increase the sensitivity of MethyLightbased methylation detection, which is a function of the methylation-specific MethyLight reactions. However, the availability of a highly sensitive control reaction allows us Figure 1 . Since CpGs in Alu repeats can either be methylated (red) or unmethylated (green), one cannot distinguish if a CpG dinucleotide was subjected to evolutionary deamination of a methylated CpG (yellow) or was an unmethylated CpG deaminated due to reaction with bisulfite, as both events result in a TpG after bisulfite-specific PCR. However, if the bisulfite PCR primers are designed for amplification of the strand opposite to that which was evolutionarily deaminated, a TpA sequence results (see Methylation-Independent Sequence, shaded in black), which is distinct from the PCR products from an unmethylated CpG (CpA or TpG) after bisulfite conversion.
to determine the methylation detection sensitivity threshold for difficult samples.
Development and evaluation of repetitive element MethyLight reactions
We next developed MethyLight reactions to target methylated Alu and LINE-1 elements, as well as the centromeric Sata and juxtacentromeric Sat2 repeats (Figure 4) . We also designed MethyLight reactions specific for the unmethylated versions of Alu, LINE-1 and Sata sequences ( Figure 4) ; however, we were unable to successfully develop a MethyLight reaction specific for unmethylated Sat2 repeats.
Our primers for the unmethylated reactions were designed by replacing CpG with TpG in the primers and probe. This design approach does not distinguish between unmethylated and evolutionarily deaminated CpGs in these repetitive elements. However, we assume that the fraction and genomic location of deaminated CpG dinucleotides are fairly constant in the human population, given the relatively recent evolutionary divergence of the human population, compared with the origin of Alu repeats, which predate the divergence of primates. Nevertheless, we acknowledge that a low level of inaccuracy in the measurements of unmethylated reactions may stem from this inability to discriminate between evolutionary and bisulfite-induced deamination. This problem does not arise for the methylation-specific reactions described below.
We designed four reactions toward methylated Alu sequences: the M1 reaction is designed toward an Alu repeat within the S100A2 gene; the M2 and M3 reactions are directed toward the consensus sequence (the locations of the ALU-M2 and ALU-M3 PCR amplicons are indicated in Figure 1) ; and the M5 reaction is specific toward an Alu repeat located upstream of the CASP8 gene. The S100A2 Alu sequence is similar to AluSx and AluSq subfamilies, and the CASP8 Alu sequence is most similar to the AluSp subfamily. We also designed one reaction toward the unmethylated Alu consensus sequence (ALU-U3). The methylated and unmethylated reactions specific for the LINE-1 sequences were based on a LINE-1 consensus sequence (GenBank accession number X52235). The Sata and Sat2 reactions were designed toward sequences specifically on chromosome 1 (GenBank accession numbers M38468 and X72623, respectively); however, satellite-specific sequences on other chromosomes may also be detected. Therefore, we classified these reactions generically as Sata and Sat2. Similar to the Alu control reaction, the probes for the Sata and Sat2 reactions also contain a 3 0 MGB-NFQ moiety to satisfy the TaqMan probe melting temperature requirements.
We tested the methylation specificities of the methylated and unmethylated Alu, LINE-1, Sata and Sat2 reactions on a panel of bisulfite-converted DNA samples (Figure 4) . PBL DNA treated in vitro with the CpG methylase M.SssI (M.SssI-DNA) served as a methylated DNA template, and untreated PBL and sperm DNAs were also included. To prepare unmethylated DNA as a negative control for methylation, we used a strategy that takes advantage of the WGA reaction used to amplify minute amounts of DNA. An approach similar to this has recently been described (43) . WGA is based on extending random hexamers annealed to genomic DNA with the highly processive phi 29 DNA polymerase that contains both 5 0 -3 0 and 3 0 -5 0 exonuclease (44) as well as strand displacement activities (45, 46) . As genomic DNA is amplified by this polymerase, the DNA methylation will be lost. We amplified sperm and PBL DNAs by WGA, followed by bisulfite conversion.
We also included DNA from human cell lines that have been previously characterized with regards to repetitive element methylation. ICF lymphoblastoid cell lines were included because they have extensive hypomethylation of chromosome 1 and 16 Sat2 sequences (47) (48) (49) . In addition, we analyzed DNA from HCT116 human colon cancer cells, HCT116 cells containing DNMT1
À/À and DNMT3B À/À cells (DKO) (50,51) and HCT116 cells after treatment with the DNA methylation inhibitor 5-aza-2 0 -deoxycytidine (5-Aza-CdR). Global DNA methylation is largely retained in the DNMT1 À/À and DNMT3B À/À HCT116 cells, while DNA from the DKO HCT116 cells is almost completely hypomethylated (50, 51) . Alu sequences are detectably hypomethylated only in the DKO cells, while Sat2 sequences were hypomethylated in the single and the DKO cells (51) . DNA from HCT116 cells after 5-Aza-CdR-mediated DNA methylation inhibition should be hypomethylated relative to the untreated HCT116 cells.
We evaluated the methylation specificity of each repetitive element MethyLight reaction on the panel of 11 DNA samples (Figure 4) . The methylation values for the reactions directed toward methylated repetitive elements were expressed as PMR in which M.SssI-DNA was used as a methylated reference (39, 40) . For the unmethylated reactions, the amount of unmethylated DNA is expressed as a PUR in which a WGAsperm sample was used as an unmethylated reference.
Our results indicated that Alu, LINE-1, Sata and Sat2 repeats were highly methylated in M.SssI-PBL DNA as well as PBL-DNA (Figure 4 ). Sperm DNA also showed substantial methylation of Alu and LINE-1 sequences. However, Sata and Sat2 sequences were hypomethylated in sperm relative to PBL-DNA (Figure 4) , consistent with previous reports (26, 33) . These results are also in agreement with previous reports of hypomethylation of Chr1 Sata and Chr1 Sat2 sequences in sperm (47) (48) (49) . Substantial Alu and LINE-1 methylation was also detected in ICF cells, while Sata and Sat2 methylation was not detected. While Alu methylation and Sat2 hypomethylation in ICF cells is consistent with previously reported studies (22, 47, 48) , we could not detect unmethylated Sata DNA in the ICF sample. This may reflect the presence of either partially unmethylated or methylated Sata DNA in ICF cells, as the unmethylated MethyLight reactions were designed to recognize fully unmethylated target DNA sequences.
All four unmethylated reactions showed hypomethylation of the repetitive elements in both WGA-DNA samples, indicating that these samples are appropriate unmethylated DNA controls ( Figure 4 ). However, centromeric and telomeric regions of the genome are underrepresented in the WGA assay (46) . Although we detected a decrease in Sata and Sat2 input levels compared with the Alu and LINE-1 sequences in WGAtreated DNAs, there was still ample signal to accurately measure PMR and PUR values (data not shown).
We detected high levels of Alu and LINE-1 methylation in HCT116 cells, while both Sata and Sat2 sequences were hypomethylated relative to M.SssI-DNA. The hypomethylation of satellite repeats in this cancer cell line is consistent with the very frequent hypomethylation of these sequences in human cancers (6) . Alu and LINE-1 methylation was similar or slightly reduced in the D1KO and D3bKO cells. Alu and LINE-1 repeats, as well as both satellite repeats were strongly hypomethylated in the HCT116 DKO cells, similar to previous findings by Southern blot analysis (50, 51) . The HCT116 cells also showed the expected increase in Alu, LINE-1 Sata and Sat2 hypomethylation after treatment with 5-Aza-CdR.
Our methylated-specific and unmethylated-specific reactions are designed to recognize fully methylated and fully unmethylated repetive elements, respectively. However, due to polymorphisms among the repetitive elements, and due to variable levels of methylation of these repeats in human DNA samples, it is difficult to determine exactly how many repeat units in the genome are recognized by each of our reactions. Nevertheless, we can obtain a good comparative measure of the number of copies recognized by each reaction by comparing the C(t) values of each reaction on its cognate optimal target DNA (M.SssI-treated DNA for methylated reactions and WGA DNA for unmethylated reactions). For example, the ALU-M2 and SAT2-M1 reactions both had C(t) values more than 10 cycles lower than the LINE-1-M1 and SATa-M1 reactions. Assuming an up to 2-fold amplification with Figure 4 . Evaluation of MethyLight reactions toward the methylated and unmethylated versions of Alu, LINE-1, Sata and Sat2 sequences on a panel of DNA samples. Levels of methylation (in black) are expressed as PMR using DNA treated with M.SssI as a methylated reference. Levels of unmethylated DNA (in white) are expressed as PUR in which a WGA-DNA sample was used as an unmethylated reference. Each value represents the mean of 3-6 methylation measurements, except for the ALU-M3 reaction, which is the average of two measurements. Error bars indicate the standard error of the mean and have been omitted for the ALU-M3 reaction, as indicated by an asterisk, since we have only two PMR measurements for this reaction. We detected PMR or PUR values of <0.01 due to cross-reactivity of the methylated or unmethylated primers to either unmethylated or methylated template DNA, respectively, except for the ALU-M5 reaction, which gave slightly higher PMR values on the WGA-PBL DNA sample. each PCR cycle, this suggests that the ALU-M2 and SAT2-M1 reactions recognize up to 1000-fold more repeat elements than either the LINE-1-M1 or SATa-M1 reactions. We anticipate therefore that the ALU-M2 and SAT2-M1 reactions would be superior surrogate measures of global genomic 5-methylcytosine content than either the LINE-1-M1 or SATa-M1 reactions.
Correlation between repetitive element methylation and global DNA methylation levels Using the MethyLight assay, each repetitive element reaction was tested on a panel of DNAs from normal tissues (liver, lung, kidney, spleen, thyroid and cerebellum) as well as ovarian carcinoma (OvCa) and Wilms tumor (WT) samples, all of which had been tested for global DNA methylation levels by HPLC (Table 2) . Global DNA methylation levels in humans have been shown to be tissue-specific, with a range of 3.43-4.26% of cytosine residues methylated in normal tissues (32, 37) . DNA samples were classified as hypomethylated if the global methylation was between 3.20 and 3.40% and substantially hypomethylated if the amount of global methylation was <3.20%. However, these levels of hypomethylation were only used to better describe DNA hypomethylation in human cells and had no influence on the data analysis in this study.
We compared the PMR values (from reactions aimed at methylated sequences) or PUR values (from reactions toward unmethylated sequences) with HPLC-based global DNA methylation measurements for each sample. While the PMR values for all four methylated Alu reactions were significantly associated with global genomic 5-methylcytosine content ( Figure 5A-D) , linear regression analysis showed that the Figure 5 . Correlation of MethyLight-based measurements of each repetitive element with HPLC-based global DNA methylation measurements for the samples described in Table 2 . PMR values for the methylated Alu sequences (A-D), LINE-1 (E), Sata (F), Sat2 (G), are correlated with HPLC measurements. The correlation between the composite mean PMR values of ALU-M2 and SAT2-M1 reactions and global methylation measurements is shown in (H). The correlation of PUR values for the unmethylated Alu, LINE-1 and Sata sequences with HPLC-based 5-methylcytosine measurements are shown in (I-K). The HPLC data represent the mean of 2-3 measurements and the MethyLight data represent the mean of three measurements. The MethyLight and HPLC-based methylation data were correlated using linear regression analysis for each repetitive element.
ALU-M2 methylation reaction was most closely associated with global DNA methylation as determined by HPLC (correlation coefficient, r ¼ 0.70, P < 0.0001, Figure 5B ). ALU-M3, another Alu reaction based on the consensus DNA sequence, was also correlative with global methylation measurements (r ¼ 0.51, P ¼ 0.0083, Figure 5C ). However, the ALU-M2 fluorescence was greater than the ALU-M3 reaction (data not shown), suggesting that the ALU-M2 reaction is superior not only in correlating Alu methylation to global measurements, but also in PCR quality. Methylation levels of LINE-1 and Sat2 sequences were also significantly associated with global 5-methylcytosine content ( Figure 5E and G) but there was not a significant association of Sata methylation with global DNA methylation ( Figure 5F ).
The ALU-M2 and SAT2-M1 reactions gave the best correlation with global 5-methylcytosine content, as we had anticipated from their relatively low C(t) values. Since these two reactions both recognize a relatively large number of repeat units, but represent quite distinct types of repetitive elements, we considered that their combined measurement could potentially provide a superior assessment of global DNA methylation across various human genomic DNA samples. Both measurements are expressed as PMR values, so we compiled a composite measurement by calculating the mean PMR for the two reactions for each sample. This composite measure yielded a remarkable improvement in the correlation with HPLC measurements of 5-methylcytosine content (r ¼ 0.85, P < 0.0001) ( Figure 5H ). We therefore recommend that this composite measure be used for MethyLight-based estimates of genomic 5-methylcytosine content.
The reactions directed toward unmethylated versions of Alu and LINE-1 sequences were of borderline significance when compared with global DNA methylation measurements ( Figure 5I and J). Unmethylated Sata repeats were also not significantly correlated with HPLC-based global DNA methylation measurements ( Figure 5K ). However, as expected, there was a clear trend of increased PUR measurements with decreasing global DNA methylation levels for all unmethylated repetitive element reactions.
Correlation between Sat2 MethyLight measurements and Sat2 Southern blot-based hypomethylation scores
We showed here a statistically significant relationship between Sat2 methylation and global DNA methylation levels ( Figure 5G ). Sat2 methylation had been previously determined for these samples using Southern blot analysis in which Sat2 hypomethylation was graded on a scale of 0 (methylated) to 3 (extensively hypomethylated) using quantitation of Phosphorimager data and evaluation of band patterns from autoradiograms (33) . We compared the MethyLight PMR measurements with the corresponding DNA hypomethylation scores from Southern blots for the same normal tissues, as well as ovarian carcinoma and Wilms tumor samples ( Figure 6 ). Two ICF cell line DNAs were also included, as these samples were previously shown to harbor Sat2 hypomethylation (47) (48) (49) . We found a statistically significant correlation between the Sat2 MethyLight PMR measurements and the Southern blot-based hypomethylation score (P < 0.0001), suggesting that the MethyLight-based assay for Sat2 methylation measurements are highly consistent with the Southern blot-based assay to determine Sat2 hypomethylation.
DISCUSSION
Repetitive elements comprise $45% of the human genome, with the 1 million Alu sequences alone occupying $10% of the genome, and LINE-1 elements also representing a substantial portion of the genome. Since these interspersed repetitive elements as well as tandem repeated centromeric and juxtacentromeric repeats contain numerous CpG dinucleotides, the methylation status of these sequences is relevant to understanding global DNA methylation. It is generally thought that repetitive elements are heavily methylated in normal somatic tissues, but are methylated to a lesser extent in malignant tissues, driving the global genomic hypomethylation commonly found in human cancers.
In order to evaluate the repetitive element methylation in normal and malignant tissues, we designed MethyLight reactions specific for methylated Alu, LINE-1, and the Sata and Sat2 repeats, as well as unmethylated versions of Alu, LINE-1 and Sata repeats. These reactions were first evaluated on a panel of DNAs to test their methylation specificities. These samples included HCT116 colon cancer cells as well as HCT116 cells harboring gene-targeted disruptions of DNMT1, DNMT3B or both DNMT genes (50, 51) . In support of previous findings (50, 51) , DNMT1
À/À and DNMT3B À/À cells retained Alu methylation, but were hypomethylated in the HCT116 DKO cells. Sat2 hypomethylation had been described for both the single and double knockout HCT116 cells when compared with wild-type HCT116 cells (51) . Our MethyLight data directed toward this repeat showed similar findings.
More evidence of the specificity of the MethyLight-based Sat2 repetitive element reaction was shown with the analysis of cells from ICF patients. ICF cells exhibit hypomethylation of Sat2 repeats on chromosomes 1 and 16; however, global methylation is generally retained and Sata hypomethylation is found in only some patients (47) (48) (49) . Here, we also show that Sat2 sequences were hypomethylated in ICF cells, while substantial levels of Alu and LINE-1 methylation remained. While DNMT3B is required for normal Sat2 methylation in vivo, both DNMT1 and DNMT3B physically interact (52) and cooperatively maintain genomic methylation (51) .
The MethyLight measurements for each repetitive element were also compared with global 5-methylcytosine measurements by HPLC for a panel of normal and tumor tissue samples. Of all the MethyLight reactions tested, the methylated ALU-M2 reaction was most closely correlated with genomic 5-methylcytosine content, although all four reactions targeting methylated Alu sequences exhibited a significant association with global DNA methylation. MethyLight-based Sat2 and LINE-1 methylation levels were also significantly correlated to global DNA methylation. Therefore, methylation of diverse repetitive elements may serve as surrogate markers for genomic 5-methylcytosine content. Indeed, a composite measure combining ALU-M2 and SAT2-M1 PMR values yielded much better correlation with genomic 5-methylcytosine content (r ¼ 0.85) than either measure alone. We recommend that this composite measure be used for MethyLight-based estimates of genomic 5-methylcytosine content.
A recent study from Yang et al. (18) describes the use of COBRA and pyrosequencing assays to determine Alu and LINE-1 methylation. Their PCR strategy can capture the composite methylation information of $15 000 Alu sequences, which represents $0.1% of the genome. The authors suggest that this measurement could serve as a surrogate for global DNA methylation measurement, but they do not confirm this with a validation using 5-methylcytosine determinations in the same samples. Instead they show that 5-aza-CdR treatment causes a reduction in their Alu measurement, which would be expected, regardless of whether their assay is a good surrogate for global DNA methylation or not. In our study, we have included this important validation with HPLC measurements of 5-methylcytosine content. Our MethyLight-based approach is the first to provide quantitative estimates of the degree of correlation between these repetitive element measurements and 5-methylcytosine content.
An important other innovation of our MethyLight-based methylation-specific assays is that the accuracy of these assays is not affected by deamination at CpG dinucleotides, whether by evolution or by bisulfite conversion, since our methylationspecific reactions only recognize fully methylated, nondeaminated CpG dinucleotides. The Yang method relies on an indirect subtraction to distinguish between evolutionary and bisulfite-mediated deamination.
Both COBRA and pyrosequencing require extensive post-PCR manipulation, thereby substantially increasing the labor intensiveness of the assay, and introducing the potential for contamination of future reactions by PCR products. The MethyLight assay is finished as soon as the PCR has been completed, requires no post-PCR processing and can easily be applied to hundreds or thousands of samples. These repetitive element reactions represent advances in the MethyLight assay not only for determining the methylation of individual repetitive elements, but also in serving as markers for global 5-methylcytosine content.
Pyrosequencing, COBRA and MethyLight provide different perspectives on DNA methylation determinations: pyrosequencing and COBRA are used to quantitatively measure methylation levels of individual CpGs within a given locus, while MethyLight assays measure the percentage of molecules in which all of the CpGs of a specific locus (usually between 4 and 10 CpGs) are either methylated or unmethylated. COBRA and pyrosequencing (18) platforms showed that Alu or LINE-1 methylation provides a marker for 5-Aza-CdRmediated demethylation in human cancer cell lines. Unlike the MethyLight data shown here, it is indefinite whether COBRA and pyrosequencing assays could serve as surrogate markers for determining global methylation.
The measurements of repetitive element hypomethylation targeted by unmethylated MethyLight reactions were not significantly correlated with 5-methylcytosine content, although there was a trend of increasing levels of unmethylated repeat sequences with decreasing 5-methylcytosine content. The poor correlation may be due to relatively low numbers of completely unmethylated repetitive elements in vivo. In addition, these reactions generated low output fluorescence signals, and this may be due to difficulties in design and performance of MethyLight reactions specific for unmethylated sequences. These sequences have a higher A:T content than methylated sequences due to the fact that all unmethylated cytosines are converted to thymines after bisulfite conversion. This may reduce primer-template specificity and PCR efficiency.
The MethyLight-based Sat2 methylation data were significantly associated with HPLC-based global DNA methylation levels and also with Southern blot-based Sat2 hypomethylation scores. Therefore, Sat2 methylation analysis by MethyLight is a strong indicator of global DNA methylation measurements. This is in agreement with previous findings that the Southern blot-based Sat2 hypomethylation index is also statistically significantly associated with global DNA hypomethylation levels in numerous human cancer tissues (27, 29, 37, 53) We did not find a statistically significant correlation between Sata methylation by MethyLight and genomic 5-methylcytosine content. Previously, a significant association between Southern blot-determined Sata hypomethylation and global DNA methylation was shown in ovarian cancers, Wilms tumors and breast cancers (27, 29, 53) . The discrepancy between these sets of data may be due to inherent assay differences. The MethyLight reaction design is based on a short DNA sequence and may not be specific toward the Chromosome 1 Sata sequence when compared with the hybridization probe used for the Southern blot assay. Moreover, the relatively high C(t) value for the Sata MethyLight reaction indicates that a relatively small number of Sata repeats contribute to the MethyLight measurement.
We also show here that Sata and Sat2 repeats are unmethylated in sperm. These data are consistent with previous findings of satellite hypomethylation in sperm based on Southern blot assays (26, 33) . However, the findings of Hassan et al. (49) demonstrated that there was sporadic methylation of Sat2 sequences in sperm, using bisulfite genomic sequencing. Partial Sat2 methylation may not be identified by this MethyLight assay, since the PCR specifically targets sequences containing multiple fully methylated CpGs.
The findings presented here also provide further insight into DNA hypomethylation in human cancers. Hypomethylation of diverse classes of repetitive elements, such as interspersed and tandemly repeated sequences, occurs together with regional CpG island hypermethylation in cancer cells (33, 37) . DNA hypomethylation is not restricted to satellite sequences and other tandem DNA repeats (6, 54) , but also includes the interspersed Alu and LINE elements. Repetitive element methylation, however, may be influenced by the local chromatin structure, especially for Alu and LINE-1 sequences, which are interspersed throughout the genome and can be embedded within genes. A study from Kondo and Issa (55) showed evidence of histone H3 lysine 9 methylation, a marker for inactive heterochromatin, at numerous Alu repeat sequences.
While Alu methylation was most closely associated with global methylation levels in our study, not all Alus are hypomethylated in human cancers. An Alu sequence located upstream of the extensively methylated CDKN2A promoter was found to be hypermethylated in cancer cell lines (22) , and an Alu sequence located in intron 6 of TP53 showed extensive methylation (22, 23) . In support of this, a recent study showed that NBL2, a tandem repeat found in acrocentric chromosomes, can become either hypermethylated or hypomethylated in human cancers (54) .
We also describe here the development of a novel strategy to design an Alu-based control reaction for measuring the levels of bisulfite-converted input DNA for MethyLight assays by which bisulfite and evolutionary deaminated sequences could be distinguished. The Alu-based control reaction shows fluorescence above background levels at $15 cycles earlier than the singlecopy COL2A1 control reaction, suggesting an increased detection of four orders of magnitude ($10 000 copies). This represents $1% of total Alu content. Using human colon cancer cells, Yang et al. (18) have deduced that a large number of CpGs in Alu sequences are evolutionarily deaminated, supporting our results in which a large number of deaminated Alu repeats were detected using this control reaction.
Although the Alu-based control reaction does not increase the sensitivity of the MethyLight methylation reactions and hence the sensitivity of methylation detection, it is useful for determining relative DNA amounts in specimens where the quantity and/or quality of DNA may be limited, such as formalin-fixed, paraffin-embedded tissues or free tumor DNA in plasma/serum. Therefore, a methylation detection sensitivity threshold for such samples can be determined. More importantly, the Alu control reaction is expected to be a more stable and reliable measure of input bisulfite-converted DNA levels than reaction toward a single-copy sequence when analyzing tumor samples with local amplifications or deletions, since single-copy genes may not always be present at diploid copy number levels in human cancers, where chromosomal alterations are frequent events. The high copy number of interspersed Alu repeats in the human genome makes it unlikely that cancer-related sequence abnormalities would substantially influence their PCR yield. The use of the Alubased control reaction should therefore result in a more stable determination of PMR/PUR values. Moreover, Alu and other high copy repetitive element sequences may also be useful in measuring changes in gene dosage, such as gene amplifications.
In conclusion, the design and application of MethyLight assays to measure repetitive element methylation represent novel technical advancements. Their use as surrogate markers for global DNA methylation makes them attractive in analyzing the effects of DNA methylation on human disease in population-based studies.
